or loop 6. The additional epitopes were found to be exposed at the cell surface. Outer membrane complexes from several of these strains were found to induce a bactericidal response in mice against the inserted epitopes. These results demonstrate that it is feasible to construct meningococcal strains carrying multivalent class 1 proteins in which multiple subtype-specific epitopes are present in different cell surface-exposed loops.
Neisseria meningitidis is a human pathogen of worldwide significance. Vaccines containing the capsular polysaccharide provide limited protection against infection caused by strains of serogroups A and C. Immunity is, however, of short duration, and infants fail to respond. Polysaccharide vaccines do not induce protection against group B organisms, the predominant cause of infection in many countries, because of the poor immunogenicity of the group B polysaccharide in humans. Therefore, vaccines based on outer membrane proteins are currently being evaluated for their efficacy in preventing meningococcal disease (11, 36) . Recent (4, 7) .
The porins are among the most abundant proteins present in the meningococcal outer membrane, and unlike several other major surface antigens, they do not undergo antigenic drift during infection. They function by creating pores through which small hydrophilic solutes can pass in a diffusion-like process. All meningococcal strains contain either a class 2 or class 3 protein, both of which form pores with anion selectivity (5) . The class 1 protein is expressed by almost all meningococcal isolates, although there is variation in the level of expression (24) . It forms pores which display cationic selectivity (30) . Antigenic diversity of class 2/3 and class 1 proteins forms the basis for division of meningococcal strains into different serotypes and subtypes, respectively (12) .
Monoclonal antibodies (MAbs) directed against subtypespecific epitopes on class 1 protein have been shown to be * Corresponding author.
particularly effective in bactericidal assays and in conferring protection in an animal model (27, 28) . Also, after immunization of mice with outer membrane complexes (OMCs), bactericidal activity is mainly directed against this protein (32) . Thus, OMCs containing class 1 protein are serious candidates for a meningococcal vaccine. A major problem with this approach, i.e., the limited range of protection, might be overcome by constructing a strain expressing multiple class 1 proteins of different subtypes and lacking other, nonprotective outer membrane proteins (32) .
Sequence comparison of different class 1 subtypes has shown that the major variation is confined to two discrete regions (17, 18) . The epitopes recognized by bactericidal MAbs were localized to either one of these variable domains (18, 31) . In a model for the topology of neisserial porins, these sequences are located in the first and fourth surfaceexposed loops (31) . In the present study, we have investigated the extent to which these two regions act independently in the generation of bactericidal antibodies. For this purpose, a set of isogenic strains differing only in their combination of class 1 epitopes was constructed through transformation. In the same way, strains containing insertions in other, normally more conserved loops were also made. These newly inserted epitopes were found to be exposed at the cell surface, demonstrating that this is a feasible way to construct strains with multivalent class 1 proteins.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Table 1 lists the meningococcal strains used in this study. They were grown (21) . Cloning and sequencing of the porA gene from strains 2996, H44/76, and MC50 have been described previously (3, 18, 31) . A diagram of the porA plasmids used is shown in Fig. 1 Immunological methods. OMCs were isolated from meningococci grown in liquid medium by sarcosyl extraction as described previously (31) . The protein composition was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (16) . Western immunoblotting of cell lysates and OMCs with subtype-specific MAbs was done as described elsewhere (23) . For immunization, outbred 14-to 17-g female NIH mice were injected subcutaneously with 2.5 ,ug of OMC protein in saline and 0.5 mg of AlPO4 in a volume of 0.5 ml. This procedure was repeated after 4 weeks, and the animals were bled at week 6 . Bactericidal activity of the sera was determined by using human complement from an immunoglobulin-deficient patient (22) . (Fig. 3) . In addition, a strain expressing a P1.7,2,16 epitope combination was obtained by transformation with a derivative of pCO2O in which a 39-bp oligonucleotide has been inserted into the KjpnI site, which is located in the part of the porA gene encoding loop 5 (Fig. 2) (Fig. 3) (Fig. 2) . For insertion into loop 6, site-specific mutagenesis was used to construct plasmid pPH204, with the KpnI site located in the part encoding the apex of loop 6 instead of loop 5 (Fig. 2) Fig. 4) . The insertions had a length of either 13 or 26 residues. All strains showed a (Fig. 5) . In a wholecell ELISA, the level of binding of P1.5-and P1.2-specific MAbs to the cell surface was the same as with the parent strain TR52 (Fig. 6 ). Compared with strain H44/76, the P1.7 and P1.16 epitopes gave a variable amount of binding dependent on the particular construct (Fig. 6) . Surface exposure of all additional epitopes could be demonstrated, although binding to P1.16 in strain J716 was very weak. When the transformant containing an insertion of P1.16 in loop 5 was streaked for purification, the colony blot also showed a single aberrant colony with more intense MAb binding. This variant was also isolated. In the whole-cell ELISA, an almost twofold difference in binding to P1.16 was found between these two variants, termed K016z and K016s, for weak and strong reactivity, respectively (Fig. 6 ). On SDS-PAGE, these two variants were identical with respect to the level of class 1 expression and its electrophoretic mobility (not shown). Immunization with OMCs containing additional epitopes in class 1 protein. Mice were immunized with OMC preparations from the set of strains described above, including the parent strains H44/76 and TR52. These OMCs differ only in class 1 protein, with the exception of J716, which also produces a class 5 protein (Fig. 5) . The resulting antisera were tested for bactericidal activity against strains H44/76 and 2996 (Table 3 ). The insertion of epitopes in loops 5 and 6 of TR52 resulted in a significant increase in bactericidal titer against H44/76 with several constructs, in particular K016s and J716, which almost reached the level of H44/76 itself. (34) and the OmpF and PhoE porins of E. coli (8) has confirmed the validity of these models and suggests the existence of a porin fold common to many of these proteins from different bacteria, which show only little sequence homology (14) . The present study has confirmed the surface exposure of loops 5 and 6 of class 1 protein, since epitopes inserted here are accessible to MAbs in whole cells. Surface exposure has previously been demonstrated for loops 1 and 4 (31) . After immunization of mice with OMCs, bactericidal activity is much higher against strains with the same class 1 protein than against those with only the same class 3 protein (Table 2) (32) . A plausible explanation for this difference is provided by our model, which shows that the length of the surface-exposed loops is much longer in class 1 protein than in other neisserial porins, including the class 3 protein, for which sequence information has only recently become available (6) . One can thus envisage that these loops in class 1 protein are more immunogenic and/or more accessible to antibodies once formed.
RESULTS

Construction
Sequence diversity among different class 1 subtypes is mainly confined to loops 1 and 4 (31) . In addition to completely different versions of these variable regions, sequence heterogeneity of particular subtypes has also been observed (19, 20) . Sometimes the same variable regions are found in different combinations in different strains (9, 17, 18) . These observations have to be taken into account when the construction of a multivalent vaccine based on the class 1 protein is considered (32) . The results presented in this study are important in this context. They show that changing one variable region still allows the correct antibodies to be formed against the other one; in this respect, these two loops thus behave to a large extent independently of each other. In addition, we have demonstrated that bactericidal activity is higher against loop 4 than against loop 1.
We chose loops 5 and 6 of class 1 protein for the insertion of additional epitopes because in the homologous gonococcal porins PIA and PIB, they can bind bactericidal antibodies (31) . Also, in class 2 and 3 proteins, these loops show sequence diversity among different serotypes, albeit less pronounced than in the variable regions of class 1 protein (10, 33, 35) . The surface exposure of the newly inserted epitopes shows that this is a valid approach for the construction of multivalent class 1 proteins. In a similar way, the PhoE and LamB outer membrane proteins of E. coli have been used as carriers of foreign antigenic determinants (2, 15) . A different aspect of our work is the need to insert additional epitopes without disturbing the existing ones. This is indeed possible for loops 5 (Fig.  6 ), a point mutation specifically affecting the P1. 16 epitope is the most likely explanation.
As this work has demonstrated, insertion of additional sequences of up to 26 residues in the surface-exposed loops 5 and 6 of class 1 protein while maintaining the immunogenicity of loops 1 and 4 is possible. In addition to inserting meningococcal subtype epitopes, this approach can also be used to insert other useful sequences in class 1 protein without distorting its immunogenicity. For instance, insertion of cysteine residues could allow chemical conjugation of LPS-derived oligosaccharides to a predetermined site at the cell surface-exposed part of the protein.
In the course of this work, transformation of meningococci with cloned porA genes was found to be very easy. (9) .
